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DenaturationHyperthermophilic enzymes are of industrial importance and interest, especially due to their denaturation kinet-
ics at commercial sterilisation temperatures inside safety indicating time–temperature integrators (TTIs). The
thermal stability and irreversible thermal inactivation of native extracellular Pyrococcus furiosus α-amylase
were investigated using differential scanning calorimetry, circular dichroism and Fourier transform infrared
spectroscopy. Denaturation of the amylase was irreversible above a Tm of approximately 106 °C and could be de-
scribed by a one-step irreversible model. The activation energy at 121 °C was found to be 316 kJ/mol. Using CD
and FT-IR spectroscopy it was shown that folding and stability greatly increase with temperature. Under an iso-
thermal holding temperature of 121 °C, the structure of the PFA changes during denaturation from an α-helical
structure, through a β-sheet structure to an aggregated protein. Such data reinforces the use of P. furiosus
α-amylase as a labile species in TTIs.
© 2013 Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Many hyperthermophilic proteins achieve considerable kinetic sta-
bility in their extreme conditions due to high activation energy and
slow kinetics of unfolding [1–3]. These proteins have been investigated
to try and identify both how they adapt to high temperatures (N80 °C)
and the mechanisms of their enhanced stability. At room temperature
hyperthermophilic enzymes are often barely active, but are as active
as their mesophilic counterparts at their corresponding physiological
temperatures [4]. It has been postulated that the reduced activity at am-
bient temperatures is due to a high molecular rigidity of the enzyme,
which is then relieved at the elevated in vivo temperatures [5].
The retained catalytic activity of these enzymes is all the more sur-
prising when considering the extreme conditions of temperature, pH
and pressure. Under such conditions the amino acids of the primary
structure can be damaged irreversibly by a variety of mechanisms. Such
mechanisms include: deamidation, β-elimination, hydrolysis, Maillard
reactions, oxidation, and disulphide interchange [6,7]. As a result, above
the boiling point of water, the half-life of some amino acids can be signif-
icantly shorter than the generation time of hyperthermophiles. In addi-
tion the hydrolysis of peptide bonds sets theoretical limits to protein
stability [8]. However a number of enzymes from hyperthermophiles
are stable and active at temperatures higher than the upper growth
limit of their producing organism. One such example is an α-amylase+44 121 414 5377.
is an open access article under the Cfrom Pyrococcus woesei that has a reported resistance against thermal in-
activation above its maximum growth temperature of 98 °C [9,10]. Sim-
ilarly rubredoxin from Pyrococcus furiosus is the most thermostable
protein so far characterised, with an extrapolated melting temperature
(Tm) of almost 200 °C [1,11].
α-Amylases are enzymes which catalyze the hydrolysis of internal
α-1,4-glycosidic linkages in starch, amylose and amylopectin. These en-
zymes are industrially important, particularly in the food and detergent
industries [12,13]. Thus the use of enzymes which can remain active
during exposure to high process or operating temperatures has
attracted signiﬁcant attention [14,15].
P. furiosus α-amylases are extremely thermostable (40–140 °C)
with an optimal activity reported at around 100 °C [16] over a wide
pH range (3.5–8.0). The optimum pH has variously been reported be-
tween pH 5.6 [17] and 6.5–7.5 [18]. P. furiosus produces extracellular
α-amylases and these accounts for 80% of the total amylase produced
[16]. The expression can be increased if grown on peptides rather
than starch as a carbon source [19]. Due to the extreme thermostability
of P. furiosusα-amylase it has become a candidate for sterilisation time–
temperature integrators (TTIs) for industrial food process validation
[15,23].
TTIs use the deactivation and denaturation of thermally liable sub-
strate as a mechanism for measuring thermal treatment in food
manufacturing processes [15,23]. The kinetic and mechanistic data for
the deactivation of P. furiosus α-amylase is of great importance for in-
dustrial use of enzymes in TTIs as they match the thermosensitivities
of the prime target organism for food safety Clostridium botulinum and
its spores.C BY license (http://creativecommons.org/licenses/by/3.0/).
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enzyme thermal inactivation occurring in two steps:
N→
k1
←
k1
U→
k2
I ð1Þ
where N is the native catalytically active enzyme, U is the reversibly
unfolded catalytically inactive form and I is the irreversibly inactivated
denatured protein.
In the ﬁrst step, from the active state of the enzyme to the reversibly
folded catalytically inactive state (k1) there is a partial loss of activity
due to the disruption of the non-covalent interactions maintaining the
native conformation i.e. N≫ U in Eq. (1). This process is reversible
(k−1 ≥ k2), since the enzymatic activity is recovered when the enzyme
is cooled [21]. Reaction of the unfolded state can also occur (k2) by
which the irreversible inactivated enzymatic state, I, is formed [22].
For use with TTIs in food applications it is important to understand
which form (U or I) the native enzyme will form upon exposure to in-
dustrial heat treatments.
To understand the kinetic behaviour of this enzyme when exposed
to high temperatures, a detailed analysis of the effect of temperature
upon the activity and stability of the P. furiosus α-amylase was under-
taken. In this study themechanism and kinetics of the thermal denatur-
ation of a native P. furiosus α-amylase (PFA) were investigated. The
mechanismwas examined using various calorimetric and spectroscopic
observations of the stability of PFA during thermal treatments.
2. Materials and methods
2.1. Materials
Native extracellular P. furiosusα-amylase was obtained and puriﬁed
by previous methods described [15,23]. The freeze-dried amylase pow-
der (FDP) containing 0.05 mg α-amylase/mg powder was prepared by
resuspending. 100 mg/ml in 100 mM sodium acetate buffer (pH 5.5),
so the initial concentration ofα-amylasewas 5 mg/l. Theα-amylase ac-
tivity was assayed using a Radial Enzymatic Diffusion (RED) assay [23].Fig. 1. Effects of isothermal processing on residual activity of PFA (a) expressed as % and (b)
125 °C (▼).2.2. Circular dichroism (CD) spectroscopy
Circular dichroism experiments were carried out using a Jasco J-810
spectropolarimeter (Jasco UK, UK). Samples of the above (100 mg/ml)
were used and loaded into a 1-mm path-length quartz cuvette (Starna
Optiglass Ltd, UK). Buffer scans were subtracted from the sample scans.
The wavelength range recorded was 300–190 nm with a data pitch of
0.2 nm, a bandwidth of 1 nm, a scanning speed of 100 nm min−1 and
a response time of 1 s. All measurements were carried out over a range
of 25 °C–110 °C (temperature controlled by a Peltier stage). Circular di-
chroism data were analysed by averaging the data points from 300 to
190 nm (inclusive) for each of the four spectra repeat scans per sample.
2.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry experiments were carried out
using a Perkin Elmer DSC 7 calorimeter (Perkin Elmer, UK). Tempera-
ture control was performed by a Perkin Elmer Intracooler 3 capable of
heating up to 130 °C. Samples of FDP were loaded into 40 mg pans.
Buffer scans were subtracted from the enzyme scans. The temperature
ramp for each sample was set at 1 °C/min to allow for equilibrium
and remove thermal lag for the enzyme. These settings had been suc-
cessfully used with a moderately thermophilic α-amylase (Bacillus
halmapalusα-amylase) [24]. Molar excess heat capacities (Cp) were ob-
tained by normalising with the P. furiosusα-amylase concentration and
the volume of the calorimeter pan. Apparent denaturation temperature
(Tm) values were determined as the temperature which corresponded
to a maximum Cp.
2.4. Fourier transform infrared (FT-IR) spectroscopy
A Nicolet 380 Fourier Transform Infrared Spectroscope (Thermo
Electron Company, USA) was used for studying the mechanism of ther-
mal denaturation. Absorbencies from 30,000 cm−1 to 200 cm−1 were
recorded, although this study only looked at the mid-infrared region
of 4000 cm−1–1000 cm−1. Each result was an average of 32 scans. A
subtraction from a pure water standard was used for all scans.expressed as the natural logarithm of residual activity for 117 °C (●), 121 °C (○) and
Fig. 2. Effect of isothermal processing at 121 °C on residual activity of PFA (a) expressed as % and (b) expressed as the natural logarithm of residual activity and trend lines [ ].
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3.1. Irreversible thermal denaturation kinetics
The deactivation of the α-amylase over a range of temperatures
(117 °C–125 °C) and holding times (0–35 min) was performed and
the residual speciﬁc activitymeasured. The initial effects of thermal pro-
cessing can be seen in Fig. 1a for the various temperatures.
A plot of the natural logarithm of residual enzyme activity versus
hold time is shown in Fig. 1b. The data in Fig. 1b is linear over the shorter
hold times (up to 9 min) for all three temperatures. This implies that
under these conditions the denaturation of P. furiosus α-amylase is a
one step denaturation process which can be described as a single ﬁrst-
order exponential decay (Eq. (3));
At
A0
¼ e−kt ð2Þ
Where At and A0 represents the activities at time t, and time 0 respec-
tively and k is the ﬁrst-order rate constant.
When the incubation time was increased up to 40 min, as shown in
Fig. 2a, the plot of natural logarithm of residual activity at 121 °C in
Fig. 2b is slightly biphasic after 15 min at 121 °C indicating the two
step process according to the model by Lumry and Eyring [20]. This
has been previously described for a number of enzymes including pota-
to acid phosphate, guinea-pig liver transglutaminase, andmost relevant
for P. furiosus α-amylase in this study, is the thermophilic α-amylase
from Bacillus licheniformis which has been used for pasteurisation TTIs
[14,25–27]. It is postulated here that the mechanism of denaturationTable 1
Effects of temperature on rate constants and activation energies.
Temperature (°C) k × 10−3 (s−1) t1/2 (min) Ea (kJ/mol)
117 0.606 19.1 310
121 1.896 6.1 316
125 4.299 2.7 323for PFA is not biphasic; the plots after 15 min are non-linear due to ag-
gregation of the protein, leading to ﬂocculation and precipitation. This
case is then a special case of the Lumry and Eyring model [20] where
k2≫ k−1, so that most of the reversibly unfolded molecules, U, in
Eq. (1) are converted to the irreversibly inactive, I,molecules as an alter-
native to refolding back into the native state. Alternatively, U is a tran-
sient form and described by Eq. (3), where denaturation can be
regarded as a one-step process following ﬁrst order kinetics.
N→
k3
I NTm: ð3Þ
To test the exact mechanism further DSC, FT-IR and CD experimen-
tation was carried out on the P. furiosus α-amylase.
The deactivation rate constants (k3), half-life (t1/2) and activation
energies (Ea) were calculated for the three temperatures (117 °C,
121 °C, 125 °C) and are presented in Table 1. Fig. 3 shows that theFig. 3. Arrhenius plot of the Pyrococcus furiosus α-amylase.
Fig. 4. DSC thermogram of FDP showing (a) denaturation peak (b) complete thermogram for FDP (—) and re-run FDP (·······).
2603I. Brown et al. / Biochimica et Biophysica Acta 1834 (2013) 2600–2605deactivation rate constants (k3) followed the Arrhenius law fromwhich
the activation energy (Ea) could be determined through linear-
regression analysis and was found to be 316 kJ/mol. The data suggests
at these temperatures that Eq. (3) is appropriate.
3.2. DSC
It is likely that below some Tm the enzyme will have the behaviour
of Eq. (1). To examine this α-amylase was heated at temperatures be-
tween 90 °C and 130 °C in the DSC. α-Amylase freeze dried powder
FDP was used with no additional preparation, i.e. without the addition
of 100 mM sodium acetate buffer, as with previous experiments.
Fig. 4a shows a DSC curve at a scan rate of 1 °C/min. At 106–107 °C
there is a denaturation peak indicating an apparent transition, Tm
where U→ I. This is consistent with the Tm of around 110 °C described
in a previous study [28] although the scan rate was not given in the
work. For Bacillus halmapalus α-amylase, decreasing the scan rate from
1.5 to 0.5 °C/min resulted in a 6 °C lower apparent Tm value; it should
be noted that scan rate dependence is indicative of a kinetically con-
trolled process [24]. When the FDP sample was rerun from 90 to
130 °C (Fig. 4b) no change in heat ﬂowwas seen, indicating that the am-
ylase had gone through its Tm value and hence the sample wasFig. 5. DSC thermogram of PFA under Tm for unprocessed PFA [ ] and reprocessed PFA
[ ] for a heating rate of 1 °C/min.completely in the irreversible inactive state. Fig. 5 shows that up to the
Tm value the protein was almost completely reversible in accordance
with previous studies [21]. Thus at temperatures below the Tm value
the model for denaturation of PFA can be seen in accordance withFig. 6. Temperature effect onα-amylase structure (a) full wavelength scans (b) at 220 nm
and a linear trend line for the initial temperatures [—].
Fig. 7. CD scan of thermal processing effects at 121 °C on secondary structure for; 0 min
[ ], 3 min [ ] and 30 min [ ].
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amount following the k2 pathway which is irreversible. Above the Tm
value is the special case of the Lumry and Eyring [20] model where
k2≫ k−1 and hence k3 applies.3.3. CD
If a secondary kinetic ﬂow (k3) of material does exist then it should
be discernable from irreversible disruption of the protein with temper-
ature. Circular dichroism spectroscopy (CD) was used to measure the
disruption of protein secondary and tertiary structural elements, here
caused by the thermal processing of the P. furiosus α-amylase. The ef-
fects of temperature, and processing time at 121 °C were examined for
changes in the structural integrity of the P. furiosus α-amylase tertiary
structure.
Fig. 6a and b shows the effects of increasing temperature on the
structure of the α-amylase and its α-helical secondary structure be-
tween 50 °C and 110 °C at scan 5 °C intervals. The denaturation trendFig. 8. FT-IR scan with thermal processing effects on amide 1 regbecomes clearer when the temperature is increased but the wavelength
is ﬁxed at 220 nm (Fig. 6b). Both plots show an increase in the folding
state and so a decrease in rigidity as temperature increases. This is illus-
trated in Fig. 6awhere the plot indicates a shift towards aα-helical shape
as temperature is increased and in Fig. 6b where the intensity recorded
at 220 nm increases with temperature. Unfortunately the maximum
temperature the technique could reach was 110 °C at which tempera-
ture the α-amylase still had some residual integrity and cannot be con-
sidered as completely denatured. Fig. 6b is non-linear, so it is possible
that the α-amylase's denaturation temperature is just above 110 °C.
This can also be seen in Fig. 6a where the separation between CD spectra
decreases as the temperature increases towards 110 °C.
Fig. 7 shows the results for the case when the α-amylase was iso-
thermally processed at 121 °C for various times prior to obtaining the
CD spectra at 90 °C; this is the temperature where the α-helix had
previously been seen to be structured (Fig. 6a). It can be seen in Fig. 7
that 3 min processing at 121 °C has little effect; which can also be
seen in Fig. 1a. However, the intensity of the peak describing α-helical
structure decreases considerably after a high level of thermal processing
(~30 min at 121 °C). This veriﬁes the idea that thermal processing de-
natures the α-helical structure and causes unfolding of the enzyme.
This reinforces previous ﬁndings when studying the denaturation of
P. furiosus α-amylase [23].
Together theDSC and CDworks show that up to the Tm value the PFA
is reversible but above the Tm then the PFA is irreversibly denatured and
so ﬁts with the model in Eq. (1). The DSC data showed a Tm of approxi-
mately 106–107 °C while the CD data still shows structural integrity at
110 °C. This may be due to the scanning rate being slower in the CD
work, but the PFA is in solution for the CD studies and not in solution
for DSC study.
The CD data in Fig. 7 showed that after high isothermal processing
there was denaturation of the α-helical structure, and so using FT-IR
to examine the mechanism of unfolding was the logical next step.3.4. FT-IR
Proteins are complex, not structurally homogeneous and contain a
variety of secondary structure types, therefore the amide 1 region inion; no thermal processing [ ]; 15 min at 121 °C [ ].
2605I. Brown et al. / Biochimica et Biophysica Acta 1834 (2013) 2600–2605the FT-IR scan (1660–1615 cm−1) appears as a single, broad, asymmet-
rical band which is a composite of all the overlapping bands (from each
type of secondary structure).
The amide 1 region shows secondary structural integrity. Fig. 8 shows
the effect of unfolding of the P. furiosus α-amylase from isothermal pro-
cessing at 121 °C for two lengths of incubation, comparing 0 and 15 min
at 121 °C. With no thermal treatment, the data suggests signiﬁcant
α-helical secondary structure of the P. furiosus α-amylase due to the
high absorbance at ~1650 cm−1 (as indicated by the CD studies), but
after 15 min of thermal processing at 121 °C the structure can again
be seen to change. Here the α-helical structure decreases and the
α-amylase shows an increase in β-sheet structure (1633 cm−1) and
more aggregation (1620 cm−1), suggesting that thermal denaturation
unfolds the secondary structure resulting in the previously observed ag-
gregation of the protein and not forming an intermediate unfolded state.
This suggests that the mechanism for unfolding and denaturation is
ﬁrst-order decay, with aggregation making the plots seem biphasic as
shown in Fig. 2b.4. Conclusions
A kinetic and mechanistic study of the thermal denaturation of
P. furiosus α-amylase is presented. Results of DSC, CD and FT-IR are
shown, along with kinetic data. The Arrhenius plot of Fig. 3 gave a
straight line correlation with activation energy of 316 kJ/mol at
121 °C. The FT-IR data indicated that the mechanism of unfolding
moves to aggregation after 15 min thermal processing at 121 °C and
this coincideswith the kinetic data (Fig. 2b)which shows a biphasic dis-
tribution after approximately 15 min, and this suggests that the dena-
turation is ﬁrst-order decay with respect to high temperatures
encountered in sterilisation. The biphasic nature might also be de-
scribed by the processes of aggregation as the protein denatures. This
shows that it is a special case of the Lumry–Eyring model (Eq. (1))
where k2≫ k1 and so k3 as N→ I (Eq. (3)). The rates of inactivation
are shown in Table 1 for sterilisation temperatures i.e. for 121 °C the
rate of inactivation N→ I is 1.9 × 10−3 s−1. The rate constants were
also increased as temperature is raised.
The effect of temperature that was explored on denaturation of α-
amylase was explored by examining theα-helical content changes dur-
ing increasing temperature up to the experimental limits of 110 °C. This
showed that the amylase became less rigid with temperature as shown
by the data in Fig. 6, and the FT-IR and CD spectroscopy data concurrent-
ly showed a decrease inα-helical structure as the isothermal processing
time at 121 °C increased.
Such observations were re-enforced by the melting temperature
(Tm) data of the α-amylase which was found to be in the region of
106–107 °C and after this temperature the protein becomes denatured
into an irreversible inactive state (Fig. 4b), but before this temperature
the protein is in the reversible intermediate stage, lending support to
our modiﬁcation of the Lumry–Eyring model of protein denaturation.
This has signiﬁcant implications for industrial use of PFA in an industrial
context as it suggests the point where irreversible thermal inactivation
of the α-amylase occurs. Such data strengthens the use of PFA for
sterilisation data as the correlation between process time and residual
enzyme activity will not include material reformed via the k−1 kinetic
route. Knowledge of how the P. furiosus α-amylase denatures due to
thermal treatmentmay be useful tomanipulating the unfolding kinetics
for use in many industrial applications, such as different applications
of TTIs. Conditions of incubation reinforce ﬁndings as any change to pri-
mary or secondary structures will almost certainly cause denaturation
due to temperature.Acknowledgements
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